
(12) INTERNATIONAL APPLICATION PUBUSHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 
International Bureau 

(43) International Publication Date (10) International Publication Number 

12 April 2001 (12.04.2001) pCT WO 01/24691 Al 

(51) International Patent Classification^: A61B 5/00 (72) Inventor: MERILAINEN, Pekka; Niittyluhdantie 16 B, 

FIN-00660 Helsinki (FI). 

(21) International Application Number: PCT/IBOQ/01428 

/^^. I * ^ . ^ (^^) Designated States (>iflfto/w/;: AU.CA.JP.NZ, 

(22) International Filing Date: 

30 September 2000 (30.09.2000) ^ . 

(84) Designated States (regional): European patent (AT, BE 

(25) FiUng Language: English ^' ^^^^^ ^» ^ IT. LU. MC. 

(26) Publication Language: English 

Published: 

(30) Priority Data: — international search report, 

60/157,578 4 October 1999 (04.10.1999) US 

For two-letter codes and other abbreviations, refer to the "Guid- 
(71) Applicant: INSTRUMENTARIUM CORPORATION ance Notes on Codes and Abbreviations" appearing at the begin- 
[FI/FI]; Kuortaneenkatu 2, FIN-005 10 Helsinki (H). ning of each regular issue of the PCT Gazette. 



S (54) Title: METHOD AND APPARATUS FOR QUANTIFYING THE DEPTH OF ANESTHESIA BY OPTICAL MEANS 



24- 



LIGHT 
EWIHER 
(X}NTROL 



UGHT 
DETECTOR 

SIGNAL 
PROCESSOR 



-26 




VAPORIZER 



/t- PROCESSOR 



30 





XX 




YY 


DEPTH OF ANESTHESIA 


95 



gag □ 



INPUT FROM 
OTHER PHYSIO- 
LOGICAL PARAMETERS 



DOCTOR 



-20 



-28 



(57) Abstract: A xnetfaod/s^aratus for 
noO'lnvasively measuring a neurological 
activity state in the brain of a subject 
to ascertain, for example, the state of 
the hypnotic component of the subject's 
anesthesia. The method/apparatus 
comprises means for, or the step of, 
passing light through a portion of the 
brain of the subject, the light having a 
characteristic diat subjects it to scattering 
during passage by tissues of the brain, 
flie light scattering c^bilities of ttie 
brain tissues varying responsive to their 
neurological activity. The tight exiting 
the brain tissue portion is measured 
to determine the amount of scattering 
it has tmdergone as a measurement of 
the state of the hypnotic component of 
the subject's anesthesia. Light having a 
wavelength in a range of 650-1000 nm, 
preferably around 800 nm may be used. 
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METHOD AND APPARATUS FOR QUANTIFYING THE DEPTH OF ANESTHESIA BY OPTICAL MEANS 

CROSS REFERENCE TO RELATED APPLICATION 
The present application claims the priority of U.S. provisional patent 
application, Appln. No. 60/157,578, filed October 4, 1999. 

BACKGROUND OF THE INVENTION 
The reliable monitoring of the depth of anesthesia has remained as one of 
the main challenges during the past ten years or so while measurement of most of the 
other key physiological parameters for comprehensive patient monitoring has practically 
reached a level of maturity. One of the reasons is that the concept of depth of 
anesthesia, when applying the modem concept of balanced anesthesia, is not a one- 
dimensional parameter, but has no less than five components. A balanced high quality 
anesthesia consists of adequate hypnosis, analgesia, muscle relaxation, suppression of 
the autonomous nervous system and blockade of the neuromuscular junction. Hypnosis 
means loss of consciousness down to a level able to guarantee amnesia, i.e. that no 
memories about the operation appear afterwards. Analgesia means that no pain is felt 
during the surgery. Sufficient muscle relaxation is required to ensure optimal operating 
conditions for the surgeon manipulating the tissue. The autonomous nervous system, if 
not suppressed, causes the patient to respond to surgical activity by shock reaction which 
affects heavily on the hemodynamics and endocrine system. To keep the patient 
completely motionless, the neuromuscular junction transmitting the orders from the 
brain to the muscles needs to be blocked, which means complete paralysis of the body. 
One practical consequence of the paralysis is that the patient also needs to be connected 
to a mechanical ventilator because the breathing muscles also become inoperative. 

To achieve the state of balanced and adequate anesthesia, several different 
types of drugs are needed. For hypnosis one needs a drug affecting directly on the brain. 
Such a drug can be either inhalational anesthetics administered as a vapor into the lungs 
or intravenous agents infused into the blood circulation. Many of the hypnotically acting 
drugs also have an useful effect on pain, autonomous nervous system response, and 
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muscle relaxation. However, special, dedicated drugs affect best on pain and 
neuromuscular blockade. What makes this complex picture even more difficult is that 
the practices of anesthesia vary from coimtry to country and also among individual 
anesthesiologists. There are also schools of scientists that emphasize the weight of the 
components of the anesthesia in differing ways. 

The importance of reliable monitoring of the depth of anesthesia has both 
safety and economy related aspects which are partly coupled one to another. Too light 
anesthesia and especially waking up in the middle of an operation may become an 
extremely traumatic experience both for the patient and the anesthesiologist. 
Unnecessarily deep anesthesia means increased costs in use of drugs most of which are 
rather expensive. Too deep anesthesia usually also affects the quality of the 
postoperative period and may increase time required for active recovery care. 

Even though the importance of taking care and need to monitor all five 
components of the anesthesia is widely acknowledged, hypnosis has remained as the 
most difficult task because it is related to the challenging measurement of the level of 
consciousness which on a wider context also is a philosophical problem. Technically 
speaking, however, a solution able to quantify the brain activity on a consistent 
continuous scale extending from full alertness to maximally deep, but reversible, sleep 
can be considered adequate for the anesthesia purpose, if it is robust enough for the use 
of different drug cocktails in different individuals. Traditionally the attempts to develop 
methods and measurements for this purpose have been based on monitoring the 
electrical activity of the brain based on the weak biosignals picked up with electrodes on 
the skull surface. This method is called electroencephalography (EEG). 

The complex EEG signal having close to random nature at first sight can 
be analyzed by many signal processing approaches which have developed to high level 
sophistication since the early days when the first findings about the change of spectral 
contents of the EEG signal as related to depth of consciousness were published. 
Generally speaking the EEG signal moves to lower frequencies when the sleep gets 
deeper and finally reaches a state called "burst suppression" when the signal is silent 
most of time with short intermediate bursts of electrical activity. The latest achievement 
in the EEG processing is the "bispectral index", the BIS by Aspect Medical, which in 
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addition to some conventional spectral analysis methods pays attention to the phase 
coupling between various EEG frequency pairs produced by nonlinear interaction in the 
electrical activity. What the actual connection of this component, which might reflect 
the number of independent "oscillators" in the brain, is to the level of consciousness is 
not well understood. Therefore, the BIS number on a scale from 100 down to zero when 
moving from alertness to deepest possible sleep, is a semi-empirical combination of 
various EEG features based on profound statistical analysis of a wide data base collected 
during thousands of anesthesias. The BIS is based on the processing of not only the 
spontaneous EEG activity, but also on evoked potentials, the response of the brain to 
external stimuli, which have been proposed to be used to monitor the level of 
consciousness. These may be, for example, audible clicks to the ear, or light electrical 
impulses to the nerves. The former are called acoustic evoked potentials (AEP) and the 
latter somatosensory evoked potentials (SSEP). 

The generic problem of the EEG and evoked potentials in anesthesia 
application is the artifacts caused by external electrical interference from the other 
devices, especially the electrocautery machine, which is known as the electrical knife. 
Additionally the attachment procedure of the EEG electrodes is often considered as 
consuming too much time in the streamlined fast modem anesthesia process. An 
additional drawback related both to raw EEG and evoked potentials is the limited speed 
of response, because both methods require collection of data for a certain period of time, 
typically at least 5 seconds, and on the top of that some additional time for computing. 
This can become a problem especially when trying to detect if the patient is waking up 
from too light an anesthesia which happens very fast because of the physiological 
cascade mechanisms involving positive feedback loops. 

BRIEF SUMMARY OF THE INVENTION 
The purpose of this invention is to present a new approach to quantify the 
relevant brain activity status and its connection to the level of consciousness especially 
related to the adequacy of the hypnotic component of the depth of anesthesia. It is based 
the results of many recent findings of basic brain research which has been able to 
confirm the close physiological links between the electrical activity of the brain and the 
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functional control of the blood and oxygen delivery to the neurally activated part of the 
brain. This is also coupled with the local metabolic activity reflected as increased 
glucose metabolic rate. See articles 1, 2 in the list of references. The methods which 
have illuminated this field the most include positron emission tomography (PET), 
functional magnetic resonance imaging (fMRI) and near infrared spectroscopy (NIRS). 

Technically the NIRS method differs from the two others mentioned above 
as being much more simple and less expensive. Human tissue including the brain cortex 
is transparent for near-infrared (NIR) light into depth of several centimeters. The optical 
wavelengths suitable for this purpose are typically between 700 and 900 nanometers. 
The NIR spectroscopy has been employed in commercial devices like the Somanetics 
Invos 300 and Hamamatsu NIRO 500 with a purpose to monitor oxygenation of the 
cerebral blood. These devices have been designed primarily to be used during carotic 
artery surgical procedures to give a warning of development of ischemia on the brain 
tissue. Recent studies (3,4) have indicated that these two devices seem not to measure 
the same parameter and either of them may not be fully specific and reliable in 
measuring the brain tissue oxygenation. 

On the other hand, the prior art includes pulse oximeters which have 
developed to a well established technology, being able to measure non-invasively the 
oxygen saturation of the hemoglobin in the arterial blood with an accuracy comparable 
to laboratory blood gas analysis. The idea of the pulse oximeter is to use the pulsation of 
the arterial blood volume, typically at the finger tip, to extract the information from the 
arterial blood only, and excluding the venous blood and the tissue effects. Thus it is 
essentially only the AC-component of the optical signal which is utilized. The pulse 
oximeter also uses two wavelengths chosen to differentiate maximally between the 
absorption of the light by oxygenated and non-oxygenated hemoglobin. All the 
additional information included in the DC component of the optical signal and related to 
the absorption and scattering by the venous blood and tissue is discarded. 

However, the brain tissue structure represents a major challenge for pulse 
oximetry, since the pulsation of the blood in the high density network of intertwined 
blood capillaries and neuron branches (axons and dentrites) is highly attenuated. It then 
becomes very difficult to differentiate between oxygenation of arterial and venous blood 
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and the signal is more like a weighted average of both values. In these conditions one 
can hypothesize that, regarding the received optical signal, the scattering properties of 
the tissue become more important than the absorption properties. 

The scattering of the light from a medium depends on the density and 

5 characteristic dimensions of the microscopically tiny structures or particles, "the 
scatterers." In the brain these consist of the circulating blood cells, the micro-capillaries 
of the cerebral circulation and the neural cells or the neurons. It has been proven (5) that 
the regulation of the blood flow in the microvascular bed is coupled with the tissue 
metabolic demands, which varies with the functional activity. It has also been shown 

10 that gaseous nitric oxide, a well known vasodilator, acts as a mediator in this process. 
When a neuron is activated to perform a task some energy is required for the related 
electrochemical reaction. This is taken from the blood stream, typically as glucose, and 
some oxygen is needed for the process to convert the glucose to energy. The ingenious 
control mechanism of the brain to supply enough oxygen to the activated areas works, in 

15 a simplified view, so that the microvessel servicing each neuron is dilated to direct more 
flow to the cell when NO is released at the moment of activation. The neurons 
themselves have also been shown to change their physical dimensions by swelling 
during the activation. The dilation of the vessels also means increased blood volume 
locally. More blood contains more hemoglobin in the space of interest which also 

20 affects on the overall scattering and absorption and the output signal. 

These couplings related to the brain activation during anesthesia have been 
studied recently by the PET method and the images reveal that the rate of glucose 
metabolism during inhalation anesthesia decreases in a consistent manner both during 
inhalational and propofol anesthesia (1,2). Additionally, to prove the coupling between 

25 metabolic and electrical activity, it was shown that the whole-brain glucose metabolism 
is practically directly proportional to the EEG based bispectral index BIS and the local 
variations are small (2). Also a simple single channel (NIRO 500) local NIR 
oxygenation measurement on the forehead of a subject rapidly and consistently seems to 
react on the loss of consciousness during induction with some intravenous agents (6,7) 

30 even if the amplitude and direction of the response varied between the agents. 

The present invention exploits the above mentioned documented findings 
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and the direct path through the skin layer on the skull has to be minimized. A typical 
distance between transmitter and detector can be from 1 to 5 cm depending on whether 
direct backscattering or a longer banana shaped optical pathway is preferred. 

BRIEF DESCRIPTION OF THE DRAWING 

The invention will be further understood by reference to the following 
detailed description taken in conjunction with the attached drawing in which: 

Fig. 1 is a schematic diagram showing the apparatus of the present 
invention and suitable for carrying out the method of the present invention; 

Fig. 2 is a partial cross section view of the skull showing the passage of 
light through brain tissue; and 

Fig. 3 is a partial, schematic diagram showing a modification of the 
apparatus of the present invention; 

Fig. 4 is a top view taken along the line 3-3 in Fig. 2 showing an 
arrangement for the emitters and a detector on the skin and showing the light paths 
through the brain tissue as projected on the skin; and 

Fig. 5 is a graph showing test results obtained through practice of the 
present invention. 

DETAILED DESCRIPTION OF THE DRAWING 
An apparatus of the present invention and suitable for carrying out the 
method of the present invention is illustrated schematically in Fig. 1. The light 
transmitter or emitter 10 and light detector 12 are attached on the forehead of an 
anesthetized, mechanically ventilated patient 14. Light emitter 10 may emit light in a 
range of 650-1000 nm, preferably around 800 nm. Vaporizer 16 provides anesthetic to 
the breathing circuit 18 for the patient. The amount of anesthetic supplied by vaporizer 
16 is controlled by an attending physician, as indicated by the box 20. 

A piece of non-transparent adhesive tape or plaster 22 covers the light 
emitter and detector and attenuates interference caused by the ambient light. The 
electronics unit consists of the light emitter controller 24 and the light detector signal 
processor 26. Controller 24 and processor 26 are connected to microprocessor 28. The 
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behind the skull of the forehead in the manner generally shown in Figs. 2 and 3. To this 
end, light emitters and detectors were applied to the forehead of the subject in the 
manner generally shown in Fig, 1. The raw signals from the receiving detector for each 
of the wavelengths (775, 810, 850 and 913 nm) is available from the instmment 
5 The four output signals were measured during the induction phase of 

routine anesthesia while an anesthesiologist was recording the moment when the patient 
lost consciousness with a standard observational method, such as one of those described 
in the introductory portions of this specification. The results are shown in fig. 5. A 
bolus of fast acting "Propofol" intravenous drug was given at a time 5.50 min. from the 
10 beginning of the recording. The patient fell asleep according to the anesthesiologist at 
6.34 min. The outputs of the detectors started a consistent increase at each of the four 
wavelengths a little earlier and reached maximal change at 6,50 min. The magnitude of 
the change was largest at 850 and 913 nm, a little smaller at 810 nm and still smaller at 
775 nm. The results suggest that use of the light having essentially wavelengths 
15 between 775 and 913 is able to detect a transient change in the optical properties of the 
brain tissue and hence the transition between consciousness and unconsciousness within 
a few moments of the transition occurring. 

It should be understood that this basic principle can be varied in many 
ways regarding the geometry and also the value and number of wavelengths, especially 
20 if one wants to measure couplings between brain activation, blood volume and 
oxygenation simultaneously and comprehensively. 

Also, while the invention has been described as determining the hypnotic 
component of anesthesia, it will be readily appreciated that it can also be used on 
subjects that are unconscious for reasons other than anesthesia and on conscious 
25 subjects, as for example to provide a warning that a driver or pilot is falling asleep. 

It is therefore recognized that other equivalents, alternatives, and 
modifications aside from those expressly stated, are possible and within the scope of the 
appended claims. 
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CLAIMS 

1 . Method for non-invasively measuring neurological activity in the 
brain of a subject to ascertain the level of consciousness of the subject, said method 
comprising the steps of: 

passing light through a portion of the brain of the subject, the light having 
5 a characteristic that subjects it to scattering during passage by tissues of the brain, the 
light scattering capabilities of the brain tissues varying responsive to their neurological 
activity; and 

measuring the light exiting the brain tissue portion to determine the 
amount of scattering it has undergone as a measurement of the level of consciousness of 
10 the subject. 

2. The method of claim 1 further defined as passing light, the 
wavelength of which is in the near infrared range, through a portion of the brain. 

3. The method of claim 1 further defined as passing light, the 
wavelength of which is selected so that the light is subjected to scattering but does not 
react primarily to the state of oxygenation of the brain tissue. 

4. The method of claim 2 further defined as passing light having a 
wavelength in a range of 650 - 1000 nm through a portion of the brain. 

5. The method of claim 4 further defined as passing light having a 
wavelength of substantially 800 nm through a portion of the brain. 

6. The method of claim 1 further defined as including the steps of 
emitting light from a source comprised of one of a light emitting diode or a diode laser 
and passing the emitted light through a portion of the brain of the subject. 

7. The method of claim 1 further defined as including the steps of 
detecting the light exiting the brain tissue portion by a detector comprised of one of a 
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photomultiplier tube or a photodiode and measuring the exiting light using an output 
signal of the detector. 

8. The method of claim 1 further including the step of attaching a light 
emitter on a skin surface of a subject. 

9. The method of claim 1 further defined as including the step of 
transmitting light via optical light conducting means to a skin surface of a subject for 
passing through a portion of the brain. 

10. The method of claim 1 further including the step of attaching a light 
detector on a skin surface of a subject. 

11. The method of claim 1 further defined as including the step of 
transmitting light via optical light conducting means from a skin surface of a subject. 

*^ 12. The method of claim 1 further including the steps of emitting light 

by one or more emitters for passage through the brain tissue portion, detecting light 
exiting the brain tissue portion by a single detector, and measuring the exiting light using 
an output signal of the detector. 

13. The method of claim 1 including the steps of emitting light for 
passage through the brain tissue portion by a single emitter, detecting light exiting the 
brain tissue portion by one or more detectors, and measuring the exiting light using an 
output signal of the detector. 

14. The method of claim 1 including the step of arranging a plurality of 
means for emitting and detecting light in a pattern having a centrally located one of said 
means and a plurality of said means located around the central one of said means. 

15. The method of claim 1 further defined as including the steps of 

(„_ 

-12- 



wo 01/24691 



PCT/IBOO/01428 



emitting light as a high speed pulse and synchronously detecting the light exiting the 
brain tissue portion. 

16. The method of claim 1 further defined as one for ascertaining the 
state of hypnosis of an anesthetized subject. 

17. The method of claim 1 further defined as one for ascertaining the 
state of sedation of the subject. 

18. The method of claim 1 further defined as one for additionally 
measuring the oxygenation of the brain and as including the steps of passing additional 
light through a portion of the brain tissue, the additional light having wavelength 
characteristics suitable for oxygenation measurement and measuring the light of the 

5 additional wavelength characteristics exiting the brain tissue portion to determine 
oxygenation, 

19. Apparatus for non-invasively measuring neurological activity in the 
brain of a subject to ascertain the level of consciousness of the subject, said apparatus 
comprising: 

a light emitter emitting light for passage through a portion of the brain of the 
5 subject, the light having a characteristic that subjects it to scattering during passage by 
tissues of the brain, the light scattering capabilities of the brain tissues varying responsive 
to their neurological activity; and 

a light detector for detecting the light exiting the brain tissue portion and 
determining the amount of scattering it has undergone as a measurement of the level of 
1 0 consciousness of the subject. 

20. The apparatus of claim 19 wherein said light emitter is further 
defined as emitting light, the wavelength of which is in the near infrared range. 

21. The apparatus of claim 19 further defined as passing light, the 
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31. The apparatus of claim 19 further defined as including a plurahty of 
light emitters and light detectors arranged in a pattern having a centrally located one of 
said elements and a plurality of said elements located around the central one of said 
elements. 

32. The apparatus of claim 19 wherein the light emitter is further defined 
as emitting light as a high speed pulse and said light detector is further defined as 
synchronously detecting light exiting the brain tissue portion. 

33. The apparatus of claim 19 further defined as one for ascertaining the 
state of hypnosis of an anesthetized patient. 

34. The apparatus of claim 19 further defined as one for ascertaining the 
state of sedation of the subject. 

35. The apparatus of claim 19 further defined as one for additionally 
measuring the oxygenation of the brain and as including an additional light emitter 
emitting light for passage through a portion of the brain, the light of said additional light 
emitter having wavelength characteristics suitable for oxygenation measurement and a 
light detector for detecting the light from said additional light emitter exiting the brain 
tissue portion measuring same to detemiine oxygenation. 
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